Genomic integration of human papillomavirus (HPV) DNA accounts for more than 90% of cervical cancers. High-risk genital HPVs encode E6 proteins that can interact with a cellular ubiquitin ligase E6-associated protein (E6AP) and target the tumor suppressor p53 for ubiquitin-mediated proteolysis. Currently, how this critical event is regulated is largely unknown. Here we report that activating transcription factor 3 (ATF3), a broad DNAdamage sensor whose expression is frequently downregulated in cervical cancer, interacted with E6 and prevented p53 from ubiquitination and degradation mediated by the viral protein. Consistent with its role as a potent E6 antagonist, ATF3 expressed enforcedly in HPVpositive SiHa cells activated p53, leading to expression of p53-target genes (e.g., p21 and PUMA), cell cycle arrest and apoptotic cell death. The leucine zipper domain of ATF3 appears indispensable for these effects as an ATF3 mutant lacking this domain failed to interact with E6 and activate p53 in the cervical cancer cells. The prevention of p53 degradation was unlikely caused by binding of ATF3 to the tumor suppressor, but rather was a consequence of disruption of the E6-E6AP interaction by ATF3. These results indicate that ATF3 plays a key role in a mechanism defending against HPV-induced carcinogenesis, and could serve as a novel therapeutic target for HPV-positive cancers.
HPV infection is a major risk factor for cervical cancer (1, 2) . Genomic integration of HPV DNA, occurring in more than 90% of cervical cancers, results in expression of a viral protein E6, which in turn inactivates the tumor suppressor p53 by driving its proteolysis (3) . The E6 protein can bind to p53 at both the C-terminus and the central DNA-binding region (4) , and recruit a cellular protein E6AP to p53 (5, 6) . E6AP belongs to the HECT family of E3 ubiquitin ligases, and can catalyze the addition of ubiquitin moieties to p53, leading to its degradation by the 26S proteasomes (6) . Since the p53 gene is rarely mutated in cervical cancer, the E6-mediated degradation serves as the major mechanism inactivating p53 and promoting cervical carcinogenesis (7) .
In addition to p53 and E6AP, the E6 protein interacts with many other cellular proteins including Bak (8) , Bax (9) , CBP/p300 (10) , and BRCA1 (11) , presumably through the four CxxC motifs sparsely distributed in the viral protein (12) . These interactions account for the oncogenic activities of E6, which include not only promoting transformation but also enhancing cell proliferation and survival (13) . Therefore, it is important to dissect the E6 interaction network for a better understanding of the molecular basis for cervical cancer and identification of therapeutic targets for the disease.
ATF3 is a member of the ATF/CREB family of transcription factors and can be rapidly induced by DNA damage and other oncogenic stimuli (14, 15) . While consequences of ATF3 induction are unclear, it is often assumed that ATF3 functions as a transcription factor to regulate gene expression thereby contributing to cellular responses to oncogenic stresses (14, 15) . However, emerging evidence indicates that this DNA-binding protein can also regulate cellular functions through mechanisms beyond transcriptional regulation (16) . ATF3 contains a central leucine zipper domain (Zip) that is well characterized as a mediator of protein-protein interaction (17) . ATF3 binds to p53 via this domain, and as a consequence, p53 ubiquitination catalyzed by MDM2, the major ubiquitin ligase in HPV-negative cells (18, 19) , is blocked, leading to up-regulation of the p53 tumor suppressor activity independent of the ATF3 transcriptional activity (16) . These findings are consistent with recent reports that ATF3 expression is down-regulated in a wide range of human cancers (20) (21) (22) including cervical cancer (23) , arguing for a link between ATF3 expression and tumor suppression (23) . In line with this notion, we report here the identification of ATF3 as a novel E6 repressor that can compete with E6AP for binding to the viral protein thereby activating p53 in HPV-positive cervical cancer cells. These results indicate that ATF3 could contribute to suppression of HPV-induced carcinogenesis.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfections -H1299 were cultured in RPMI1640 medium while SiHa, CaSki and HT1080 cells were cultured in DMEM medium supplemented with 10% fetal bovine serum and antibiotics. Transfections were performed with Lipofectamine 2000 (Invitrogen) or Fugene 6.0 (Roche) according to the manufacturers' recommendations. The latter transfection reagent exerted no toxicity to SiHa and CaSki cells, and therefore was used for apoptosis assays. Cells were harvested 48 h after transfections for immunoblotting or luciferase reporter assays. Protein Purification and In Vitro TranslationHistidine-tagged ATF3 and Δ102 proteins were expressed in E. coli BL21 cells, and purified with Ni + -NTA agarose (Invitrogen) as described previously (16) . For in vitro translation, the coding sequences of ATF3, p53, E6 and E6AP were cloned into pcDNA3.1 at downstream of a T7 promoter. In vitro translation was performed using the T N T Quick Coupled Transcription/Translation System (Promega) following the manufacturer's protocol. Briefly, 1 μg of plasmids were incubated with 40 μl of rabbit reticulocytes lysates supplemented with 20 μM of methionine or 2 μl of [
35 S]-methionine (1,000 Ci/mmol, PerkinElmer) at 30°C for 90 min.
GST-pulldown Assays -The coding sequence for HPV16 E6 was PCR amplified using the genomic DNA prepared from SiHa cells as template, and cloned into pGEX-3X (Amersham Pharmacia Biotech). The plasmid expressing the GST-ATF3 fusion protein was described previously (16) . These plasmids were transformed into E. coli BL21 strain, and expression of GST (glutathione-S-transferase) or GST-fusion proteins was induced by IPTG. Bacterial pellets were lysed in TENT buffer (20mM Tris-HCl, pH 8.0, 100mM NaCl, 2mM EDTA, 1mM DTT, 0.5% NP-40, and 1% Blotto) with mild sonication. For pulldown assays, lysates containing 1 μg of GST or GST fusion proteins were immobilized on glutathione-agarose (Sigma) for 1 h at room temperature. After washes, the agarose was resuspended in Buffer I (20 mM Tris-HCl, pH 8.0, 50 mM NaCl , 2 mM EDTA, 2 mM DTT, 1 mg/ml BSA, 5 % glycerol , and 0.1% NP-40) and then incubated with purified or in vitro-translated proteins at 4°C for 4 h or overnight. After extensive washes with Buffer II (Buffer I with 100 mM NaCl), bound proteins were eluted, resolved with SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by immunoblotting or autography as described previously (24) . In Vitro p53 Degradation and Ubiquitination Assays -These were performed essentially as described with modifications (25, 26) . For degradation assays, E6 was pre-incubated with in vitro-translated ATF3 (at a ratio of 1:4) or the same amount of reticulocyte lysates programmed with the empty vector for 30 min at room temperature, followed by added in a reaction mixture (15 μl) containing [
35 S]-labeled p53 (in vitro-translated, at a ratio to E6 of 1:1), 3 μl of rabbit reticulocyte lysates and the degradation buffer (25 mM Tris-HCl, pH7.5, 100 mM NaCl and 3 mM DTT). 60 minutes after incubations, the reaction mixtures were mixed with 2×SDS loading buffer, resolved in SDS-PAGE, and subjected to autography. For E6-mediated p53 ubiquitination assays, [ 35 S]-labeled E6 were similarly incubated with ATF3 and p53, and 20 μg of methylated ubiquitin (Boston Biochem) was added into the reaction mixtures to accumulate ubiquitinated p53 proteins for easy detection (26) . Modified p53 proteins were visualized by autography. shRNA Knockdown and Retroviral Infections -p53 knockdown was performed using a Lentivectorbased shRNA system (pSIH-H1 shRNA Cloning and Lentivector Expression system, System Biosciences) according to the manufacturer's recommendation. The p53-targeted sequence was 5'-GAC TCC AGT GGT AAT CTA C-3', based on a publication (27) . The ATF3-targeted sequences were 5'-GCA AAG TGC CGA AAC AAG A-3' and 5'-GAG AAA CCT CTT TAT CCA A-3', based on siRNA used in one of our earlier reports (16) . For negative controls, a luciferase-targeted sequence (5'-CTT ACG CTG AGT ACT TCG A-3') was cloned into the Lentivector. For retroviral-mediated gene transfer, the ATF3-coding sequence was cloned into pBabe-Neo, and transfected into Ampho293 (Clontech) to pack retrovirions. Supernatants were then collected and used to infect SiHa and CaSki cells as described previously (16) . The retroviral vector expressing E6 shRNA was kindly provided by T. Kiyono (28) .
Immunoblotting -This was performed as described previously (29) . Antibodies for p53 (DO-1) and ATF3 (C-19) were purchased from Santa Cruz Biotechnology. Antibodies for p21, c-myc, and PUMA were from BD Pharmingen, Invitrogen and ProSci, respectively. Flow cytometry -SiHa cells were transfected with GFP or GFP-ATF3 with Fugene 6.0 for 2 days, and fixed with 1% formaldehyde at 4°C for 1 h. Cells were then permeabilized with cold 70% ethanol overnight, stained with a solution containing 50 μg/ml propidium iodide (Sigma) and 20 μg/ml RNase A at 37°C for 20 min, and subjected to flow cytometry analysis as described previously (24) . The FlowJo software was used to calculate percentages of GFP-positive cells in each cell cycle phase. TUNEL Staining -Apoptotic cells were labeled with In Situ Cell Death Detection Kit TMR Red (Roche) according to the manufacturer's protocol. Briefly, SiHa or CasKi cells cultured on coverslips were transfected with GFP, GFP-ATF3, or GFP-IRES-ATF3, or infected with ATF3-expressing retroviruses, for 3 days, and fixed with 4% paraformaldehyde for 1 h. After permeabilization, the cells were incubated with 50 μl of reaction mixture containing the labeling enzyme and the TMR red labeled-dUTP at 37°C for 1 h. After extensive washes, cells were counterstained with DAPI and observed under a fluorescence microscope. For quantitation, at lease 300 GFPpositive cells (for transfections) or infected cells (for retroviral infections) were randomly chosen and the numbers of TUNEL-positive cells were counted. Colony Formation Assays -SiHa cells were infected with Lentiviruses carrying shp53 or shLuc for 3 days, followed by infections with retroviruses expressing ATF3 or the empty vector for 2 days. The cells were then plated in 6-well plates (200 cells/well) and stained with crystal violet after 14 days of incubation as described previously (16) .
RESULTS
ATF3 directly binds to E6. Our recent observation that ATF3 expression is downregulated in cervical cancers (23) prompted us to explore a possibility that ATF3 could be involved in regulation of cervical carcinogenesis. We therefore sought to determine whether ATF3 regulates the oncogenic activities of HPV proteins. Given that both ATF3 and E6 proteins contain motifs that can mediate protein-protein interaction, we tested whether these two proteins could interact. We thus cloned the E6 gene from the genomic DNA of HPV-positive SiHa cells using PCR, and fused it with a GST-coding sequence. The recombinant DNA was introduced into E. coli and expressed a fusion protein with an anticipated molecular weight (Fig 1A, lane 3) . The recombinant protein immobilized on glutathione agarose was then incubated with ATF3 prepared by in vitro translation for GST-pulldown assays. The results showed that the GST-E6 protein, but not GST, was able to pull down ATF3 (Fig 1B,  lane 3 Fig S1B, lane 1) . Moreover, ATF3 could be immunoprecipitated by the FLAGantibody in the presence of a FLAG-tagged E6 protein that was co-expressed with ATF3 in H1299 cells null for both E6 and p53 ( Fig 1D, lane  2) , indicating that the ATF3-E6 interaction occurred in vivo as well. The endogenous E6 protein can not be detected by immunoblotting (10, 30) and thus no assay is available to examine the interaction of the endogenous proteins.
However, we found that the anti-FLAG antibody could precipitate the endogenous ATF3 protein when the FLAG-E6 protein was expressed in HCT116 cells that are null for p53 ( Fig 1E, lane 2) , suggesting that the endogenous proteins likely interact. Interestingly, in addition to the E6 protein derived from HPV16-positive SiHa cells, ATF3 also bound to the E6 proteins derived from HPV11 and HPV18 (Fig 1F, lanes 4 and 5) -an result which was anticipated given that the primary structures of these E6 proteins are strikingly similar (12) . Of note, the difference in the amounts of ATF3 down-pulled by these E6 proteins was more likely due to the variation in the amounts of the viral proteins immobilized on the glutathione agarose ( Supplementary Fig S1B, lanes 3-5) .
ATF3 blocks E6-mediated p53 degradation and ubiquitination. One major oncogenic activity of E6 is to drive ubiquitin-dependent degradation of p53. Intrigued by the finding that ATF3 directly bound to E6, we determined whether ATF3 could affect E6-mediated p53 degradation. We thus coexpressed p53, E6 and/or ATF3 in H1299 cells, and measured p53 levels using immunoblotting. While E6 largely reduced the p53 level as expected (3) (Fig 2A, lane 2) , the presence of ATF3 abolished this effect (Fig 2A, lane 3 ). Since expression of both p53 and E6 was directed by a constitutively-active CMV promoter that is refractory to regulation by ATF3 (16), these results strongly suggest that ATF3 suppressed E6-mediated p53 degradation. Indeed, while enforced E6 expression decreased the endogenous p53 level in a cell line (HT1080) carrying a functional p53 protein ( Fig 2B, lane 2) , it failed to do so in the A12 clone stably expressing ATF3 and developed in our previous studies (24) (Fig 2B, lane 4) . Of note, the observation that the ATF3-expressing clone expressed high level of p53 ( Fig 2B, lane 3 vs. lane 1) was consistent with our previous report that ATF3 can stabilize p53 in HPV-negative cells (16) . To corroborate these important findings, we took use of a well-established in vitro p53 degradation assay (25) to further study the effects of ATF3 on E6-mediated p53 degradation. This assay utilizes rabbit reticulocyte lysates that contain components required for p53 ubiquitination and degradation, and the presence of E6 in the assay system effectively promoted p53 degradation ( Fig 2C, , and this effect was in a dosedependent manner (Fig 2D) . Measurements of p53 degradation rates by immunoblotting confirmed that ATF3 indeed decrease the degradation rate of p53 ( Supplementary Fig S2) . Since E6-mediated p53 degradation is mainly caused by ubiquitination (12), we determined effects of ATF3 on p53 ubiquitination using an in vitro assay that is similar to the above-mentioned degradation assay ( Fig 2C) but employs methylated ubiquitin to block degradation and accumulate monoubiquitinated proteins for ready detection (26) . Indeed, while E6 promoted p53 ubiquitination evident by the appearance of an array of slowlymigratory bands ( Fig 2E, lane 2) , the presence of ATF3 in the assay system almost completely abolished the modifications of p53 ( Fig 2E, lane 3) . These results argue for a notion that ATF3 blocks E6-mediated p53 ubiquitination thereby preventing degradation of the tumor suppressor.
ATF3 activates p53 in HPV-positive cells. Given that p53 inactivation in HPV-positive cervical cancer cells is completely dependent on E6 (7), we next determined whether ATF3 could restore p53 activity in these cells. We thus expressed ATF3 bicistronically with GFP in HPVpositive SiHa cells, and sorted GFP-expressing cells (i.e., transfected cells) for immunoblotting to determine expression of p53 and its target genes. The results show that ectopic ATF3 expression increased the p53 level in SiHa cells (Fig 3A) . Importantly, expression of p21 and PUMA, two representative p53-target genes, was largely induced by ATF3 (Fig 3A) . Similar results were obtained when ATF3 was expressed in SiHa and CaSki cells through retrovirus-mediated gene transfer ( Fig 3B, Supplementary Fig S3A) . Consistent with these results, two independent short-hairpin RNA (shRNA) that could downregulated ATF3 expression by more than 60% significantly decreased the levels of p53 and p21 in SiHa cells (Fig 3C) . Interestingly, knockdown of p53 expression by shRNA expressed via a Lentiviral vector almost completely abolished p21 expression induced by ATF3 in the cells (Fig 3D,  lanes 3-4 vs. lanes 1-2) , suggesting that the induction of p53-target gene expression was a direct consequence of p53 activation by ATF3. These results thus demonstrate that ATF3 could activate p53 in HPV-positive cells -an effect likely achieved through a mechanism that prevents E6-mediated degradation of the tumor suppressor. Indeed, by measuring the p53 half-life using pulse chase assays, we confirmed that the half life of p53 was significantly increased by ectopic expression of ATF3 in SiHa cells (Fig 3E) . Moreover, knockdown of E6 expression using E6 shRNA (28) diminished ATF3-induced stabilization and activation of p53 in HPV-positive SiHa cells (Fig 3F) .
ATF3 promotes p53-mediated cell cycle arrest and apoptosis in cervical cancer cells. The major consequences of p53 activation include cell cycle arrest and apoptotic cell death due to activation of expression of cell cycle checkpoint proteins (e.g. p21) and pro-apoptotic genes (e.g., PUMA) (31) . To determine the consequences of ATF3-induced p53 activation, we expressed a GFP-ATF3 fusion protein or GFP (as a control) in SiHa cells for 2 days, and subjected transfected (GFP-positive) cells to flow cytometry for cell cycle analysis. While ectopic expression of ATF3 significantly increased the number of cells in the G0/G1 phase, there were fewer ATF3-expressing cells staying in the S phase as compared to GFP-expressing cells (Fig 4A and 4B) , suggesting that ATF3 activated p53 leading to inhibition of cell cycle progression. Most importantly, we found that the number of ATF3-expressing subG0/G1 cells that were mostly constituted by late-stage apoptotic cells was largely increased (Fig 4A and 4B) , suggesting that ATF3 expression could result in apoptotic cell death. Because induction of apoptosis is one of the major mechanisms underlying the p53 tumor suppressor function in vivo (32), we further characterized the effects of ATF3 on apoptosis of HPV-positive cells. We expressed GFP-ATF3 or GFP in SiHa cells for 3 days, and stained apoptotic cells using TUNEL assays. In contrast to flow cytometry, TUNEL assays detect both early and late apoptotic cells and thus would more accurately measure apoptosis rates. Consistent with Fig 4A and 4B , while very few GFPexpressing cells were stained by TUNEL, GFP-ATF3 expression increased the percentage of apoptotic (TUNEL-positive) cells to more than 25% (Fig 5C and 5D ), demonstrating that ATF3 indeed induced the HPV-positive cells to undergo apoptosis. This effect was not merely a consequence of the fusion protein, because a native ATF3 protein bicistronically expressed with GFP also increased the number of TUNELpositive cells (Supplementary Fig S4) . Moreover, ectopic expression of ATF3 via a retroviral vector also promoted SiHa cells to apoptosis (Fig 6E) , but with a reduced efficacy likely due to inefficient transduction of SiHa cells by the retroviruses. Interestingly, retrovirus-mediated ATF3 expression also induced apoptosis in CaSki cells ( Supplementary Fig S3B and S3C) , which contains more than 600 copies of HPV DNA and presumably expresses a high level of E6, indicating that ATF3 could actively promote apoptosis in other HPV-positive cells. To confirm that the ATF3-induced apoptosis was due to p53 activation, we knocked down p53 expression in SiHa cells using shRNA (Fig 4E, insert) and subjected the cells to TUNEL assays. Knockdown of p53 expression alone had no effect on apoptosis, likely due to the fact that the cells have adapted to a growth condition where p53 expresses at the basal level. However, p53 down-regulation significantly impaired the activity of ATF3 to induce apoptosis (Fig 4E) , suggesting that the ATF3-induced apoptosis was mediated, at least in part, by activation of the p53 pro-apoptotic activity. The incomplete suppression of apoptosis by the p53 shRNA might be due to the residue p53, effects of ATF3 on p53-independent E6 functions (e.g., repression of pro-apoptotic Bak and Bax) (8,9), or ATF3-mediated activation of other p53 family members such as p73 (33) . We therefore concluded that ATF3 can activate p53 and promote p53-mediated cell cycle arrest and apoptosis in HPV-positive cells.
ATF3 Decreases the Growth Potentials of HPVpositive cells -Having shown that ATF3
antagonizes E6 and promote the tumor suppressor activity of p53, a question was surfaced as to whether ATF3 affects the growth of HPV-positive cells. We thus expressed ATF3 in SiHa cells through retroviral infections, and plated the infected cells for colony formation assays. The results show that ecotopic expression of ATF3 decreased the number of colonies by more than 1 fold (Fig 5A and 5B) , in support of a notion that targeting the E6 oncogenic activity could be a promising strategy to treat HPV-positive cancers (34) . To determine whether this effect was dependent on p53 activation, we knocked down p53 expression by shRNA prior to retroviral infections. Consistent with Fig 4E, down- regulation of p53 expression alone had little effect on SiHa cell growth. However, reduced p53 expression diminished the activity of ATF3 to decrease the growth potential of the HPV-positive cells (Fig 5A and 5B) . Therefore, ATF3 likely inhibited HPV-positive cancer cell growth through antagonizing E6 for p53 activation.
The ATF3 Zip domain is required for its interaction with E6 and its effects on p53 activation -ATF3 contains a leucine zipper domain (Zip) (Fig 6A) that is known to mediate its interactions with other proteins such as p53 (16) . To determine whether this domain is also indispensable for its interaction with E6, we purified a mutant ATF3 protein (Δ102) lacking the Zip domain (aa 102-139) (Supplementary Fig S1A, lane 2) and performed GST-pulldown experiments. As same as Fig 1C, the purified, full-length ATF3 protein was associated strongly with the immobilized E6 protein (Fig 6B, lane 3) . In striking contrast, deletion of the Zip domain (Δ102), which unlikely results in a misfolded protein as demonstrated in our previous report (16) , completely abolished the ATF3-E6 binding ( Fig  6B, lane 6) , suggesting that ATF3 likely bound to the HPV protein via the Zip domain. Interestingly, consistent with its inability to interact with E6, the ATF3 mutant failed to prevent p53 from E6-mediated degradation (Fig 6C, see the  immunoblot) , and consequently, the p53 transcriptional activity down-regulated by the viral protein, as shown by a dramatic reduction in the activity of a p53 reporter (16), was not restored (Fig 6C) . It is worth to note that the full-length ATF3 protein not only restored E6-mediated downregulation, but also largely elevated the reporter activity, suggesting that ATF3 might also counteract E6-mediated repression of the p53 trans-activation activity (10,35) (see Discussion). In line with these observations, Δ102 expressed via retroviral infections lost the activity to increase the p53 and p21 levels in SiHa cells (Fig 6D) , and also failed to induce apoptosis in both SiHa and CaSki cells evident by TUNEL staining (Fig 6E  and 6F ; Supplementary Fig S3B and S3C) . Of note, Δ102 was expressed at a level comparable to the full-length protein measured by immunoblotting (Fig 4D) and was also co-localized in the nuclei with p53 like the full-length protein (16) . Therefore, the ATF3 Zip domain is required for its interaction with E6 and its E6-antagonizing activity.
ATF3 prevents E6AP from binding to E6 -E6-mediated ubiquitination and degradation of p53 requires the binding of the viral protein to both p53 and E6AP. Because we have shown that ATF3 directly binds to both p53 and E6 (Fig 1)  (16) and because E6-mediated ubiquitination occurs at regions other than the p53 C-terminus (36) where ATF3 binds (16), we reasoned that the ATF3 binding may not directly cover the lysine residues for ubiquitination, but rather interfere with the p53-E6-E6AP interaction. To explore this possibility, we first determine whether ATF3 interacting with p53 prevents the latter protein from binding to E6. We thus performed GSTpulldown assays in which the immobilized E6 protein precipitated p53 from rabbit reticulocyte lysates (Fig 7A, lane 3) as expected (3). The purified ATF3 protein (Supplementary Fig S1A,  lane 1) only slightly decreased the amount of p53 down-pulled by the E6 protein (Fig 7A, lane 4 vs.  lane 3) . Thus, it is unlikely that ATF3 antagonized the E6 activity through disrupting the E6-p53 interaction. We therefore explore an alterative possibility that ATF3 interferes with the interaction between E6 and E6AP by binding to the viral protein. Towards this end, we preincubated the purified ATF3 protein with the immobilized GST-E6 protein, and assayed the association of [ 35 S]-labeled E6AP protein with E6. Interestingly, while GST-E6, but not GST, pulled down E6AP (Fig 7B, lane 2) , pre-incubation of E6 with ATF3 dramatically decreased the amount of E6AP down-pulled by E6 (Fig 6B, lane 3 vs. lane  2) . Importantly, the ATF3 mutant deficient in E6 binding (Δ102) (Fig 6B) and deficient in p53 activation (Fig 6D) lost the capability to block the binding of E6AP to E6 (Fig 7B, lane 4) , indicating that the ATF3 binding to E6 can prevent E6AP from binding to the viral protein. Interestingly, unlike E6 (Fig 7C, lane 4) , ATF3 did not bind to E6AP (Fig 7C, lane 3) . These results thus argue for a model that ATF3 competes with E6AP for forming a complex with E6 and p53 (Fig 7D) . This model predicts that over-expression of E6AP in HPV-positive cells could compromise the effects of ATF3 on p53 activation. Indeed, when SiHa cells were enforced to over-express E6AP via retroviral infections, the capability of ATF3 to increase the p53 level was dramatically diminished (Fig 7E, lane 3 vs. lane 4) . The failure of ectopically-expressed E6AP to decrease the p53 level (Fig 7E, lane 3 vs. lane 1) might be due to the fact that SiHa cells contain one copy of the HPV DNA (34) and thus the endogenous E6AP protein is excess for E6 binding. Of note, the same ectopic E6AP protein could promote p53 degradation in HeLa cells (Supplementary Fig S5) as previously reported (37) . We concluded that ATF3 can disrupt the E6-E6AP interaction by binding to E6, leading to diminished ubiquitination and degradation of p53 thereby activating the tumor suppressor in HPV-positive cancer cells.
DISCUSSION
Expression of HPV proteins such as E6 is a driving force for cervical carcinogenesis (1,2). The HPV proteins promote malignant transformation by intervening in functions of various cellular proteins through protein-protein interactions (38) . While cellular proteins regulated by the viral proteins have been well documented (38) , little is known as to how the oncogenic activities of the HPV proteins are regulated. In this study, we identified ATF3 as a novel repressor of the HPV E6 protein. ATF3 bound to E6 and prevented p53 degradation mediated by the viral protein. Because it is widely induced by oncogenic stimuli (e.g., DNA damage) (14,15), ATF3 could serve as a key activator of p53 in HPV-infected cervix epithelium thereby defending against oncogenic transformation, a notion which is supported by our recent observation that ATF3 expression is frequently down-regulated in cervical cancers (23) . While the mechanism(s) for ATF3 downregulation in cervical cancer remains elusive, decreased ATF3 expression allows E6 to drive p53 degradation thereby contributing to cervical carcinogenesis. Moreover, the demonstration of ATF3 as a direct binding partner of E6 suggests that ATF3 could regulate other oncogenic activities of E6 such as activation of telomerase and the Src family kinase Blk (39, 40) . Activation of the latter proteins promotes cell proliferation, which acts in concert with p53 inactivation to promote the genesis and progression of cervical cancer (13) . Therefore, this study has identified a novel mechanism by which the oncogenic activities of HPV proteins are antagonized. Because enforced expression of ATF3 can restore p53 activity and induce apoptosis of HPV-positive cancer cells, targeting ATF3 expression through chemical interventions or gene therapy could be a promising strategy to treat cervical cancer. Interestingly, recent studies have revealed a causal role of HPV infection in the genesis of head and neck cancer (41, 42) . Therefore, the significance of the current findings may extend beyond the understanding of the etiology of cervical cancer. Indeed, we recently reported that ATF3 promotes anti-cancer effects of curcumin (43) -an agent currently in clinical trials -in a p53-wildtype head and neck cancer cell line (44). It is very likely that the HPV-antagonizing activity of ATF3 described here contributes to such an effect.
ATF3 is well recognized as a stress responsive protein (14) . Although ATF3 induction occurs frequently in the early stage of the DNA damage response, the role of ATF3 in cancer development remains undecided. While earlier studies indicate that ATF3 may promote growth and dissemination of malignant cells (45,46), results from many other studies strongly argue for a detrimental role that ATF3 plays in cancer development (47,48). Indeed, ATF3 deficiency leads to cellular transformation induced by the Ras oncogene (16, 49) . Our current findings that ATF3 antagonizes the oncogenic activity of a HPV viral protein further argues for the notion that ATF3 induction can function as an anti-cancer barrier to defend against oncogenic transformation (16, 23) .
In addition to suppression of E6-mediated p53 degradation, we previously demonstrated that ATF3 stabilizes and activates p53 in HPVnegative cells (16) where the p53 level is mainly controlled by MDM2 (50). Interestingly, it appears that ATF3 regulates p53 degradation mediated by MDM2 and E6 through distinct mechanisms. While ATF3 blocks MDM2-mediated ubiquitination by binding to p53 and altering its conformation (16), we have shown here that the ATF3-p53 interaction was dispensable for suppression of the E6-mediated degradation. Indeed, although ATF3 binding may cover the lysine residues clustered at the p53 C-terminus (16), p53 ubiquitination mediated by E6 does not occur in the C-terminus (36, 51) . Moreover, because it can also bind to p53 at the core DNAbinding domain (4), E6 might not compete with ATF3 for binding to the C-terminus of the tumor suppressor -a consideration supported by the results that ATF3 failed to disrupt the E6-p53 interaction (Fig 7A) . Our results suggest that ATF3 rather suppresses E6-mediated p53 degradation through direct binding to the viral protein. Such an interaction prevents E6AP from binding to E6 (Fig 7B) , and thus blocks the recruitment of the ubiquitin ligase to p53, leading to diminished ubiquitination and proteolysis of the latter protein (Fig 7D) . Therefore, these results reiterate the importance of ATF3 in activating p53 in response to distinct oncogenic challenges.
While the binding of E6 to the p53 C-terminus does not require E6AP, the presence of the E3 ubiquitin ligase is likely indispensable for E6 binding to the p53 DNA-binding domain (4) . If the ATF3 binding disrupts the E6-E6AP interaction (Fig 7B) , it raises the questions as to how this achieves and how the E6-p53 interaction occurs in the absence of E6AP. E6 is a small protein containing four CxxC motifs that form two conserved internal sequence repeats (52). It might be that ATF3 competes with E6AP for binding to the same region(s) of the viral protein while the p53 conformation changes conferred by ATF3 interaction with its C-terminus (16) allow E6 bind to p53 via the central DNA-binding domain ( Fig  7D) . Alternatively, the p53 C-terminus might be preferably bound by E6 in spite of the presence of ATF3. Interestingly, although the leucine-zipper domain of ATF3 does not contain the charged leucine motif (LxxLL) that commonly exists in E6-associated proteins (53), it enriches leucine residues and can form a α-helix, which is one of the common structural characteristics of E6-binding proteins (54). Thus, it would be of interest to investigate whether other leucine zippercontaining proteins also interact with E6 and regulate the oncogenic activities of the viral protein.
Independent of its activity to drive p53 degradation, E6 also represses p53 trans-activation activity by inhibiting p300-mediated acetylation of p53 and histones (10, 35) . The results from our reporter assays indicate that ATF3 not only restored the p53 activity decreased by E6, but also increased the p53 trans-activation activity by several folds (Fig 6C) . These results argue for a possibility that ATF3 regulates the p53 transcriptional activity independent of regulating its stability. The ATF3 binding might alter p53 conformation to a state favoring its binding to DNA, or its interaction with transcription activators/co-activators (e.g., p300, TFIIH, Mediators) (55-57). Alternatively, ATF3 might directly recruit these transcription activators /coactivators to p53-target promoters. It might also be that ATF3 competes with transcription corepressors for binding to p53 and its target promoters (58). Regardless of the mechanism(s), the capability of ATF3 to promote p53 transactivation provides the cell with an additional means of activating p53 in response to a large variety of oncogenic stresses.
In summary, we have identified ATF3 as a novel repressor of the HPV E6 protein. ATF3 activates p53 by dissociating E6AP from the viral protein thereby preventing p53 degradation. Because E6 is the major protein that inactivates p53 in HPV-positive cells, these findings argue for a model in which ATF3 induction by DNA damage antagonizes the oncogenic activity of the E6 protein and thereby serves as an anti-cancer barrier to prevent carcinogenesis upon HPV infections (Fig 7D) . The abbreviations used are: ATF, activating transcription factor; ATF3, activating transcription factor 3; CREB, cAMP responsive element binding protein; E6AP, E6-associated protein; FACS, fluorescenceactivated cell sorting; GST, glutathione-S-transferase; HPV, human papillomavirus; IPTG, isopropyl-ß-D-thiogalactopyranoside; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; shRNA, short-hairpin RNA; TUNEL, terminal dUTP nick end labeling. Fig. 1. ATF3 directly binds to E6 . A. GST-E6 and GST proteins eluted from glutathione agarose were subjected to SDS-PAGE and stained with Coomassie blue. B. Immobilized GST-E6 or GST proteins were incubated with in vitro-translated ATF3 protein at 4°C overnight. After extensive washes, bound proteins were eluted and subjected to immunoblotting with an ATF3 antibody. Lane 1 represents 10% of total input protein. C. Immobilized GST-E6 or GST was incubated with 200 ng of purified ATF3 protein followed by immunoblotting to visualize bound proteins. The Input lane represents 10% of total input protein. D. ATF3 was expressed in H1299 cells with or without FLAG-E6 by transfections. Cell lysates were immunoprecipitated by agarose conjugated with an anti-FLAG antibody, and bound proteins were eluted for immunoblotting as indicated. E. HCT116 p53 -/-cells were transfected with the plasmid encoding FLAG-E6. After treated with 25 μM MG132, cells were subjected to immunoprecipitations as in (D) to examine the interaction of FLAG-E6 with the endogenous ATF3 protein. F. GST-E6 proteins derived from HPV11 (GST-11E6), HPV16 (GST-16E6) and HPV18 (GST-18E6) were immunobilized on glutathione agarose, and incubated with in vitro-translated ATF3 proteins for GST-pulldown assays as in (B). SiHa cells were transfected with GFP or GFP-ATF3 for 2 days, and stained with PI. GFP-positive cells were subjected to cell cycle analysis using the FlowJo software. * p<0.001. C &D. SiHa cells were transfected with GFP or GFP-ATF3 for 3 days, and subjected to TUNEL staining. Quantitation was performed by counting at least 300 GFP-positive cells. E. SiHa cells were infected with Lentiviruses expressing shp53 or shLuc for 3 days, followed by transfections with GFP or GFP-ATF3 for 3 days. The cells were stained with TUNEL and counted as (C). The insert shows an immunoblot for p53 expression. Schematic representation of the full length ATF3 protein and the mutant protein lacking the Zip domain (Δ102) purified from bacterial culture using Ni + -NTA agarose. The recombinant proteins contain a c-Myc tag that can be used for detection of the mutant protein by immunoblotting. B. The purified ATF3 and Δ102 proteins were incubated with immobilized GST-E6 or E6, and subjected to GST-pulldown assays as in Fig 1C. The bound proteins were detected with an anti-c-Myc antibody. The Input lane represents 10% of total input protein. C. H1299 cells were co-transfected with a p53 luciferase reporter, pRL-TK, p53, E6, ATF3 or Δ102 as indicated. Dual luciferase assays were performed to measure the p53 transcription activity. The immunobot shows p53 expression in the transfected cells. D. SiHa cells were infected with retroviruses expressing ATF3, Δ102, or pBabe, and subjected to immunoblotting for detection of p53 and p21 expression. E & F. SiHa cells were infected with pBabe, ATF3, or Δ102, and then subjected to TUNEL staining followed by counterstaining with DAPI. Representative, merge images were shown in (E). At least 300 cells were counted to calculate percentages of apoptotic cells (F). * p<0.001 compared to the pBabe group. 
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